Structural disorder and distortion play a significant role in phase transformations. Experimentally, electron diffraction in the transmission electron microscope offers the ability to characterize disorder via the pair distribution function (PDF) at high spatial resolution. In this work, energy-filtered in situ electron diffraction is applied to measure PDFs of different phases of MgF 2 from the amorphous deposit through metastable modifications to the thermodynamically stable phase. Despite the restriction of thick specimens resulting in multiple electron scattering, elaborate data analysis enabled experimental and molecular dynamics simulation data to be matched, thus allowing analysis of the evolution of short-range ordering. In particular, it is possible to explain the theoretically not predicted existence of a metastable phase by the presence of atomic disorder and distortion. The short-range ordering in the amorphous and crystalline phases is elucidated as three steps: (i) an initial amorphous phase exhibiting CaCl 2 -type short-range order which acts as a crystallization nucleus to guide the phase transformation to the metastable CaCl 2 -type phase and thus suppresses the direct appearance of the rutile-type phase; (ii) a metastable CaCl 2 -type phase containing short-range structural features of the stable rutile type; and (iii) the formation of a large volume fraction of disordered intergranular regions which stabilize the CaCl 2 -type phase. The structure evolution is described within the energy landscape concept.
Introduction
Structural disorder and distortion play a significant role in structure evolution, especially when amorphous phases are involved. An experimentally precise characterization of the disordered structure is crucial for a correct understanding of the phase transformation. However, because of the nonperiodicity of a disordered structure, experimental characterization is difficult. An important quantity in such characterization is the so-called pair distribution function (PDF), which makes use of the fact that amorphous and nanocrystalline structures are isotropic when averaged over large areas. The PDF shows the probability of finding a possible atomic pair versus the pair separation. Thus, it represents the distribution of atomic pair distances in the investigated material and can therefore also provide insight into the structural distortions in a crystalline material. PDF measurements have seen increasing application in various fields of materials science (Young & Goodwin, 2011) , especially in the currently hot topic of nanoscaled energy materials (Dambournet, Chapman Experimental investigation of PDFs is a routine task in neutron (Chirawatkul et al., 2011; Fortner & Lannin, 1989 ) and X-ray diffraction (Neder & Proffen, 2008; Proffen et al., 2003; Toby & Egami, 1992) , and also in extended X-ray absorption fine structure (EXAFS) spectroscopy (Sayers et al., 1971; Ressler et al., 1999) , although developments and improvements in the methodology still continue (Weber & Simonov, 2012; Mullen & Levin, 2011) . In comparison, electron diffraction offers the possibility of obtaining PDF data from small material volumes , which may be crucial in hetero-structured specimens. It can be performed in standard transmission electron microscopes and is thus easily accessible. The contribution of inelastic electron scattering, which would considerably affect the PDF analysis, can be eliminated by allowing only elastically scattered electrons to contribute to the diffraction pattern using energy filtering (Cockayne & Mckenzie, 1988; Cockayne, 2007; Petersen et al., 2005) .
However, to understand and interpret experimentally measured PDFs is still far from trivial because they only provide spatially averaged data. A way to circumvent this is to build models of possible atomic structures and compare their PDFs with their experimental counterparts. Such an approach is used, for example, in routines based on molecular dynamics (MD) simulations or reverse Monte Carlo (RMC) modelling (McGreevy, 2001; Treacy & Borisenko, 2012; Borisenko et al., 2012) , possibly accompanied by ab initio structure relaxation (McCulloch et al., 1999; Li et al., 2009; Borisenko et al., 2011) . The advantage of MD is that it allows the simulation of relatively large volumes, giving access to the modelling of the (glass) transition from a liquid to the amorphous solid state (Bennemann et al., 1998; Kob, 1999; Pang et al., 2003; Binder, 2000) .
Recently, we have studied a phase-transformation process (Bach et al., 2011) incorporating new metastable modifications (Jansen, 2002; Schö n et al., 2010) . This was achieved experimentally by a synthesis method called low-temperature atombeam deposition (LT-ABD) (Fischer & Jansen, 2002b) . LT-ABD has been successfully applied to the synthesis of new alloys (Fischer & Jansen, 2010) , nitrides (Fischer & Jansen, 2002a) and halides (Liebold-Ribeiro et al., 2008; Bach et al., 2009) via the vapour deposition of the starting material onto a cooled substrate, followed by annealing of the atomically disperse amorphous film to one or more crystalline phases. From previous work, we discovered a new polymorph of magnesium difluoride (MgF 2 ) (Bach et al., 2011) . Using an X-ray powder diffraction refinement technique, we confirmed that the new MgF 2 polymorph found after the annealing process from the initially amorphous deposit was a metastable phase exhibiting the CaCl 2 -type structure (space group Pnnm). The metastable phase finally transformed to the rutiletype modification after further annealing. The initially amorphous deposit was also analysed roughly, according to which we assumed that Mg-centred MgF 6 octahedra already exist in the amorphous phase. However, this interpretation from only experimental data remained speculative. In order to overcome this uncertainty, structure modelling by theoretical simulation is necessary, particularly because previous theoretical calculations (Wevers et al., 1998) and our own ab initio structure relaxations prove that no energy barrier exists between the perfect (defect-free) bulk CaCl 2 -type structure and the rutiletype structure. This puts the previously observed stability of the metastable phase into question.
Here, we show that this discrepancy originates from a failure to describe the disorder and distortion properly in ab initio methods. In the present study, we use in situ electron diffraction measurements combined with MD simulations to analyse the PDFs of the different phases in the transformation processes. Because of the high interface energy between MgF 2 and the amorphous carbon support, islands with an average diameter of around 60-70 nm initially form in the deposition process, and therefore the film used in this work cannot be thinner. However, the use of such thick specimens could significantly degrade our experimental diffraction data owing to multiple elastic scattering of electrons. In order to overcome this challenge, we analyse the electron scattering data using a modified procedure which improves the reliability of the experimental PDFs. An excellent match between the experimental data and the MD simulations is obtained without any further numerical refinement (e.g. RMC) of the simulated data. This is strong evidence for the reliability of the PDF analysis. We elaborately analyse the structural disorder and distortions, from which we confirm the existence of a CaCl 2type arrangement of octahedra in the initially amorphous phase, acting as nuclei in the subsequent crystallization. Furthermore, we find intergranular regions with a disordered structure in the crystalline phase. We conclude that the CaCl 2type crystals are probably stabilized by strong strains generated by these regions. Furthermore, we find that the experimentally observed CaCl 2 -type metastable phase has shortrange structural distortion towards the rutile type, resulting in internal strain. Finally, by considering the above findings, we summarize the evolution of the structure within the energy landscape concept.
Experimental
Thin MgF 2 films were generated by evaporation of MgF 2 (99.99%, Aldrich, USA, dried at 473 K) in an effusion cell (MBE Komponenten GmbH, Germany) at 1223 K in a vacuum (1 Â 10 À8 mbar; 1 bar = 100 000 Pa), and subsequent deposition of the gas phase directly onto a cooled (123 K) amorphous carbon support (2 nm-thick carbon film on a Cu grid; Quantifoil Micro Tools GmbH, product reference S7/2 Cu 200 mesh + 2 nm C). The deposited specimen was transferred under vacuum and at the deposition temperature to an electron microscope (Zeiss EM912 Omega, 120 keV; Zeiss, Germany) using a dedicated low-temperature highvacuum transfer holder (CHVT 3007; Gatan, USA). Using this holder the temperature can be increased up to 328 K. For the high-temperature range the specimen was transferred to a Gatan heating holder, undergoing a short exposure to air. No structural changes of the material could be detected from this transfer.
Because of island growth, in order to gain a homogeneous film the MgF 2 had to be deposited with a thickness of 80 AE 10 nm, confirmed by electron energy-loss spectroscopy (EELS). Considering the large band gap of MgF 2 (around 9 eV), a 15 eV energy-selecting slit centred at 0 eV energy loss was used in the in-column energy filter to avoid any contribution from inelastically scattered electrons. Residual lens aberrations of the omega-type energy filter used in the Zeiss EM912 restrict the maximum transmission angle in the diffraction patterns. Therefore, three diffraction patterns at different, well calibrated, illumination beam tilts were measured, with acquisition times of 5, 35 and 150 s, and then spliced in order to access a large range of scattering angles, up to 3.3 Å À1 , as shown in Fig. 1 . The relative shift of the diffraction patterns during splicing was determined from the prior calibration of the beam tilt. Another advantage of this beam-tilt strategy is that the path of the recorded scattered electrons always passes close to the optical axis of the lens system, effectively reducing the effect of projector-lens distortions.
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The structure of the deposited film is quite fragile even at moderate electron doses. Therefore, very low electron doses (less than 0.5 C cm À2 ) were applied to avoid beam-induced structure alteration. This radiation sensitivity also limits the maximum recording angle owing to the drop in intensity with scattering angle, and does not allow high-resolution imaging and EELS core-loss analysis. Our diffraction patterns were acquired immediately after selecting the area of interest, and subsequent patterns were always taken from new, non-irradiated, areas.
Simulation
To compare with the annealing experiment, MD simulations were performed via a deposition strategy (Toto et al., 2010) whereby atomic clusters are deposited onto a crystalline rutile-type substrate at different fixed temperatures. The deposition rate was much higher in the simulations than in the experiment. For this reason, considerable disorder was introduced during the simulated deposition, similar to the amorphous state in the experiment. Therefore, the simulations resemble the crystallization processes in the real experiment, where the crystallization occurs from the bottom of the film close to the annealed substrate and develops upwards to the top surface of the film.
All simulations were performed using classical MD simulations. A Coulomb-plus-Buckingham type potential derived by Catti et al. (1991) was used to describe the Mg-Mg, Mg-F and F-F interactions. Newton's equations of motion were solved using the velocity Verlet algorithm. The linear MgF 2 monomer and the D 2h dimer were deposited on the (100) and (110) surfaces of a rutile-type MgF 2 substrate with a 50% probability every 10 À11 s. These were specifically chosen, because a previous study of the vapour phase of MgF 2 indicated the presence of both the monomer and the dimer in the vapour phase in our apparatus Neelamraju, Bach et al., 2012) . The system was oriented such that the surface of the substrate lay in the xy plane and the vertical direction was parallel to the z axis. The exposed surface of the substrate had its vertical z coordinate set as zero. A rectangular simulation cell was used, periodic in two dimensions. The cell dimensions were 48.895 and 49.686 Å in the x and y directions, respectively. The clusters were deposited from a height of 10 Å with an initial kinetic energy of 200 meV. Each MD step corresponded to a time step of 6 fs.
The substrate comprised 3600 atoms, with the bottom two layers fixed in order to reproduce the effect of the bulk. A simple thermostat was used, based on the velocity rescaling, and applied to all atoms lying within a distance of less than one third of the slab height from the bottom of the slab. Before starting the deposition, the slab was equilibrated for 2 ps at the deposition temperature. The deposition of the monomer and dimer was carried out at temperatures of 50, 100, 300, 500 and 1000 K on the equilibrated slab.
Pair distribution function

Theoretical background
The PDF can be extracted from electron diffraction patterns of amorphous or nanocrystalline samples. Details of the theoretical background are given by Cockayne (2007) and Cockayne & McKenzie (1988) .
The diffraction intensity is generated by the interference of scattered electron waves and can be described by the Debye formula
where N is the number of atoms in the investigated material, f m is the electron scattering factor of the specified atom m, s = 2/, where is half the scattering angle and the incident wavelength, r mn = jr r m Àr r n j is the pair distance between a specified atom m and atom n, andr r n is the position of atom n. From the experimentally measured diffraction intensity, I(s), one can obtain the structure factor of the investigated material
with i being the element type for multiple-element materials. Then, the Fourier transform of the structure factor is
Here, we define P(r) = P N m P n6 ¼m ðr À r mn Þ as the PDF. Then, P(r)/N À 4r 2 0 describes the fluctuation in the atomic pair distribution against the average atomic density 0 in the material. Therefore, G(r) = [P(r)/N À 4r 2 0 ]/4r is the reduced PDF, which is also called the reduced density function (RDF) in Cockayne's work (Cockayne & McKenzie, 1988; Cockayne, 2007) . To be consistent with X-ray literature, we will use the term 'pair distribution function' instead of reduced PDF or RDF in the following text.
To understand the element-specific PDF (partial PDF), we make the following decomposition of the intensity caused by the structure in equation (1):
Thus, the total PDF is
This equation reveals that the total PDF is the sum of partial PDFs convoluted with the Fourier transform of terms containing element-specific scattering factors. It is difficult to extract partial PDFs from only electron diffraction experiments. Therefore, we calculated the partial PDFs from the MD simulation data to achieve a deeper understanding of the experimental PDFs.
Derivation of the PDF in the current work
Electron diffraction patterns were azimuthally integrated and averaged. The structure factors were extracted from the experimental diffraction profiles according to equation (2). The PDFs were then calculated according to equation (3). The scattering factor of MgF 2 used here was calculated from the parameterized elemental scattering factors (Kirkland, 1998) with the stoichiometric ratio Mg:F = 1:2.
Because of the thickness of the specimen, the effect of multiple scattering in the diffraction is not negligible. Furthermore, thermal diffuse scattering which has almost zero energy loss cannot be eliminated by energy filtering. Therefore, the diffraction profiles cannot be fitted by the calculated average scattering factor at both small and large angles simultaneously (Anstis et al., 1988; Ankele et al., 2005) , as shown in Fig. 2(a) . The calculated structure factor (Fig. 2b,  blue) , which should ideally oscillate around zero, deviates significantly from zero, containing a clear parasitic lowfrequency artefact in reciprocal space. Because by definition the structure factor has to oscillate around zero, we applied a smooth fourth-order polynomial function to fit the structure factor ( Fig. 2b, red) . This fitted polynomial function represents the low-frequency artefact. The Fourier transform of the lowfrequency function ( Fig. 2c ) reveals that this artefact leads not only to a strongly oscillating PDF at small radial distances but also to a weak low-frequency oscillation extending to larger radial distances ( Fig. 2c, inset) . These artefacts do not arise from the real structure of the sample and would not exist if we were to use a thin-enough specimen. We subtract this polynomial function from the structure factor and Fig. 2(d) shows the difference between the PDF calculated from the raw data and that from the data after subtraction of the polynomial function. One disadvantage of this data modification is that the correct atom amount, N [in equation (2)], cannot be derived, and therefore the absolute height of the PDF, and hence the coordination number, cannot be determined. Moreover, multiple scattering can lead to a change in peak shape. However, because of the large widths of the peaks in the structure factor we do not consider this to be critical in the final PDF. The presented data modification is a simple and effective way of dealing with problems associated with thick specimens which, as in our case, is an intrinsic problem and impossible to avoid.
The abrupt intensity truncation of the measured structure factor at larger angles can cause high-frequency artefacts in the obtained PDF due to the Fourier transformation. These were minimized by defining a zero crossing of the fourth-order polynomial function as the truncation point of the structure factor. This results in a structure factor that is terminated at large angles at zero intensity (Fig. 2b) .
The noise in the diffraction data at large angles can also cause high-frequency artefacts in the derived PDF. Previously, the noise effect was reduced by applying a damping function (Cockayne & McKenzie, 1988; Li et al., 2009 ) to the experimental structure factor. However, the damping function not only suppresses high-frequency artefacts in the PDF but also reduces the useful information inside the noisy signal. One then loses spatial resolution in the derived PDF. The damping function in reciprocal space is equivalent to a convolution in real space between the PDF and a point-spread function which is the Fourier transform of the damping function itself. Therefore, we applied a spline interpolation of second-order polynomial functions to fit the noisy data at large angles, to research papers minimize the noise effect and maximize the real-space resolution, instead of multiplying a damping function.
Diffraction pattern calibration and centre determination of the diffraction patterns can cause an error of AE0.01 Å . After the mathematical processes described above, the error caused by multiple scattering, truncation of the measured angular range and noise in our experimental PDF is minimized to less than AE0.01 Å . Thus, the total error bar is estimated to be less than AE0.02 Å , which was confirmed by repeating the experiment multiple times.
Computation of PDF from simulation data
For the binary MgF 2 system, we first calculated the kinematic diffraction profile from the MD simulation data based on equation (1) and the element-specific partial intensity according to equation (4). We then extracted the total PDF and the element-specific partial PDF using equation (3). Because the size of the MD supercell has the same scale as the experimentally observed crystals, the grain-size-related peak broadening in the diffraction profile was automatically taken into account. The point-spread function, due to spatial coherence of the LaB 6 source in the Zeiss EM912 and crosstalk in the CCD camera, was taken into account by convolution of the diffraction profile using a Gaussian function, exp(ÀBs 2 ), where B is a fitting parameter which corresponds to the full width at half-maximum of the point-spread function. The thermal vibration of the atoms was taken into account by multiplying the diffraction profile by a Gaussian damping function exp(ÀUs 2 ); U(T) is the three-dimensional isotropic Debye-Waller factor, which is a function of temperature T. Details of the PDF extraction (data from the MgF 2 film measured at 123 K). (a) Raw diffraction profile from experimental data (blue) and the average (squared) scattering factor, Nh f(s) 2 i, fitted at high angle (green). The inset shows an enlarged view in the high-angle region. (b) Structure factor from the raw experimental data (blue), fitted fourth-order polynomial function (red) and structure factor modified by subtracting the fourth-order polynomial function from the raw structure factor (green). (c) Fourier transform of the polynomial function in (b). The inset shows the vertically stretched curve. (d) PDFs calculated from the raw structure factor (blue) and the modified structure factor (red).
Results
In situ electron diffraction
Two-and one-dimensional diffraction patterns of the structure evolution of the MgF 2 deposit are shown in Figs. 3 and 4(a), respectively. The broad peaks in the experimental diffraction pattern (Fig. 3a ) and the extracted structure factor (Fig. 4a, green line, bottom) show that the initial phase of the deposit at 123 K is amorphous. After annealing, the amorphous specimen crystallizes at around 458 K and forms a polycrystalline phase, shown by the diffraction pattern recorded at 463 K (Fig. 3b ) and the corresponding structure factor (Fig. 4a, blue line, middle) . The polycrystal has grain sizes of 5-8 nm as measured by transmission electron microscope dark-field imaging. The structure of this polycrystalline phase is CaCl 2 type (Bach et al., 2011) . The specimen undergoes a second crystallization at around 653 K, and the third phase formed after this crystallization step exhibits a polycrystalline rutile-type structure, shown by the diffraction pattern recorded at 733 K (Fig. 3c ) and the corresponding structure factor (Fig. 4a, red line, top) . The grain sizes are between 10 and 20 nm, as measured by transmission electron microscope dark-field imaging. Fig. 4(b) depicts PDFs calculated from the experimental structure factors shown in Fig. 4(a) . Because the peak heights of the experimental PDFs cannot be accurately analysed, we used the most pronounced peak at 1.99 Å to align all PDF curves in this work to the same height, to obtain a reasonable relative height comparison.
All three experimentally measured PDFs have a well defined peak at around 1.99 Å , which corresponds to the radius of the first coordination shell of Mg-F. It reveals the closest atomic distance between Mg and F atoms in both amorphous and polycrystalline phases. The PDF of the amorphous phase (bottom, green line in Fig. 4b) shows a remarkable weakening of the peaks at distances greater than 2.4 Å . This weakening explicitly demonstrates the lack of long-range order characteristic of amorphous phases. However, the damped and broad peaks of this PDF at 2.71, 2.97, 3.68 and 4.63 Å are still present, and the positions are close to the peaks of the CaCl 2 -type phase (middle, blue line in Fig. 4b ) and the rutile-type phase (top, red line in Fig. 4b ). This implies that the structure of the amorphous phase already contains a certain degree of short-range order similar to that present in the (meta)stable crystalline phases. In contrast, the more pronounced and sharp peaks in the PDFs of the two crystalline phases at large r values demonstrate the long-range order established after crystallization. In the following, we will show that, with the help of the MD simulations, a deeper understanding of the experimental data is achieved. Fig. 5(a) shows the evaporation process whereby neutral and ionic MgF 2 clusters are obtained in the gas phase. Fig. 5(b) shows an amorphous MgF 2 network that has formed during the deposition simulation on the MgF 2 rutile (100) substrate at 50 K. Fig. 5(c) shows the mostly crystalline MgF 2 network (distorted rutile-type structure) at the end of the deposition simulation on the MgF 2 rutile (100) substrate at 500 K. We observe that the crystalline network exhibits the highest degree of order in the bottom region near the substrate, while in the top region, far from the substrate, a disordered amorphous-like structure is present. This is due to the fact that the first layers of atoms have had enough time at 500 K to transform from the initially amorphous structure formed right after deposition to an ordered atom arrangement.
Simulations
Structure factors and the corresponding PDFs were calculated from the above MD simulation results and also from the perfect crystalline structure of both CaCl 2 -type and rutile-type structures, the parameters of which were taken from Bach et al. (2011) . They were then compared with the experimental structure factors and PDFs. Fig. 6(a) shows the experimental structure factors of the specimen measured at 733 K (Fig. 6a, black solid line) , of the MD simulation at 500 K using all atoms of the MD cell (Fig. 6a , red solid line) and of the perfect model of the rutile-type structure (Fig. 6a, blue dashed line) . The peak positions of the experimental structure factor show good agreement with those of the perfect model of the rutile-type structure. This agreement confirms that the structure of the specimen annealed at 733 K is close to rutile type. However, the peaks of the experimental structure factor are strongly damped compared with the perfect rutile-type model. On the other hand, the experimental structure factor shows excellent agreement, in both peak heights and widths, with the structure factor calculated from the 500 K MD model. Because the 500 K MD simulation contains both highly ordered and disordered regions, we conclude that the specimen annealed at 733 K also contains such disordered regions. These regions probably correspond to grain-boundary regions and occupy a large volume fraction in the nanocrystalline structure of the specimen annealed at 733 K. A disordered grain boundary is shown in Fig. 5(c) and enlarged in Fig. 7(a) , where the MgF 6 octahedra (highlighted as green polyhedra, above the two black arrows) are strongly distorted and in a disordered arrangement.
Comparison between experiment and simulation
From the 500 K MD simulation result one can calculate element-specific partial PDFs, and these are shown at the bottom of Fig. 6(b) : F-F (blue), Mg-F (purple) and Mg-Mg (green). These partial PDFs allow a better understanding of the presence of the peaks in the total PDFs. The first pronounced peak, at 1.99 Å , is due to the Mg-F first coordination shell. The second pronounced peak, at 2.83 Å , is mainly attributed to the F-F first coordination shell. The first and second peaks reveal the approximately average bonding angle for F-Mg-F of 90 , and hence prove the existence of the Mg-centred MgF 6 octahedra in the annealed specimen. The right shoulder of the second peak, at around 3.10 Å , and (a) Structure factors obtained from experimental data at 733 K (black solid line) and from MD simulation at 500 K (red solid line), as well as from the perfect rutile-type structure (blue dashed line). (b) PDFs obtained from experimental data at 733 K (black solid line), from MD simulation at 500 K (red solid line) and from the perfect rutile-type structure (blue dashed line). Also shown (bottom three curves) are the element-specific partial PDFs, F-F (blue), Mg-F (purple) and Mg-Mg (green), calculated from the atomic structure of the MD simulation at 500 K. the third pronounced peak, at 3.60 Å , correlate with two Mg-Mg peaks, which come from two different geometric configurations of adjacent Mg-Mg atom pairs in the rutile-type structure. The first configuration is due to two adjacent MgF 6 octahedra sharing one edge, i.e. two nearby Mg atoms share two F atoms, to form the Mg-Mg first coordination shell (Fig. 7b, red dashed line) . The second configuration is due to two adjacent MgF 6 octahedra sharing only one corner, namely one F atom, to form the Mg-Mg second coordination shell (Fig. 7b, blue dashed line) .
The experimental structure factor of the specimen deposited and measured at 123 K (Fig. 8a, black) shows very good agreement with the structure factor of the 50 K MD simulation result (Fig. 8a, red) . The broad peaks in both structure factors confirm the amorphous structure. The element-specific partial structure factors, F-F (Fig. 8a, blue) , Mg-F (Fig. 8a,  purple) and Mg-Mg (Fig. 8a, green) , show that at large angles the total structure factor is dominated by the Mg-F partial structure factor. The F-F and Mg-Mg partial structure factors are strongly damped in the large-angle region.
PDFs and partial PDFs are shown in Fig. 8(b) . Again, experimental and simulated total PDFs show good agreement. From the partial PDFs, we see that the first pronounced peak, at 1.99 Å , corresponds to the Mg-F first coordination shell, the same as for the rutile type (Fig. 6b ). The peak around 2.72 Å in the experimental PDF correlates with the shortrange structure of the F-F octahedral structure. Compared with the crystalline state (Fig. 6b) , the peak at 2.72 Å is strongly damped in the experimentally obtained PDF of the amorphous material. This implies that the F-F octahedra are significantly distorted and some of the Mg atoms may even have only four or five F neighbours. Fig. 9(a) , enlarged from Fig. 5(b) (black dashed rectangular box) , depicts the disordered arrangement of distorted octahedra (green polyhedra).
Despite the overall very good agreement between experimental and MD PDF data, there are several small differences, marked by arrows in Fig. 8(b) . The red arrow on the 50 K MD PDF indicates the first Mg-Mg peak, which occurs when two adjacent Mg atoms share two F atoms (Fig. 9b, red dashed  line) , i.e. the Mg-Mg first coordination shell. The blue arrow on the 50 K MD PDF indicates the second Mg-Mg peak, which corresponds to two adjacent Mg atoms sharing only one F atom (Fig. 9b, blue dashed line) , i.e. the Mg-Mg second coordination shell. As the contributions of the Mg-F peaks in the region between 2.9 and 3.8 Å are not expected to be very pronounced, the positions of the two arrow-marked peaks should mainly be dominated by the Mg-Mg contribution. Therefore, we assume that the red arrow at 2.97 Å on the experimental PDF is related to the Mg-Mg first coordination shell and the blue one at 3.68 Å to the Mg-Mg second (a) Structure factors obtained from the experimental data at 123 K (black) and from MD simulation at 50 K (red), as well as the elementspecific partial structure factors, F-F (blue), Mg-F (purple) and Mg-Mg (green), calculated from the MD model annealed at 50 K. (b) PDFs obtained from the experimental data at 123 K (black) and from MD simulation at 50 K (red), and the element-specific partial PDFs (bottom three curves), F-F (blue), Mg-F (purple) and Mg-Mg (green), calculated from the atomic structure of the MD simulation at 50 K. coordination shell. The mismatches marked by the red and blue arrows in Fig. 8(b) can be attributed to different Mg-Mg distributions of the experimental and simulated structure. The Mg-Mg first coordination shell in the experiment has a smaller radius than that in the MD model. The Mg-Mg second coordination shell in the experiment has a larger radius than in the MD simulation result. The radial difference between the Mg-Mg first and second coordination shells in the experiment is larger than that in the MD model. We note that this difference might be connected to the mismatch marked by the green arrows in Fig. 8(b) , which is contributed by the Mg-F pairs. Fig. 10(a) shows a comparison between the structure factors of the specimen annealed at 463 K (black) and the perfect rutile-type crystalline structure (red). Fig. 10(b) shows a comparison between the structure factors of the specimen annealed at 463 K (black) and the perfect CaCl 2 -type crystalline structure (red). In Fig. 10(b) , the structure factor of the annealed specimen shows good agreement with that of the perfect CaCl 2 -type structure in the low-angle range (left side of the blue dashed line), which contains information about the long-range periodicity of the structure. However, from the point of view of peak position, the structure factors between experiment and perfect CaCl 2 type do not match in the highangle range (right side of the blue dashed line), which contains information about the short-range periodicity. On the other hand, in Fig. 10(a) , the peak positions of the structure factor of the annealed specimen agree with those of the perfect rutiletype structure in the high-angle range. This angular-dependent agreement implies that the structure observed in the experimental specimen annealed at 463 K contains long-range periodicity similar to that in the metastable CaCl 2 -type structure, together with a short-range distortion towards the thermodynamically stable rutile-type structure. Fig. 10(c) shows the PDF of the specimen annealed at 463 K (black), showing strong damping compared with that of the perfect CaCl 2 -type structure (red). This damping reveals that the annealed specimen is strongly distorted from the perfect CaCl 2 -type structure. The positions marked by red stars even show the same features as the PDF of the specimen annealed at 733 K (Fig. 6b, red stars) , which has a rutile-type structure. Therefore, we can assume that the observed structure in the specimen annealed at 463 K contains features of both the CaCl 2 -type and the rutile-type structures.
The CaCl 2 -type structure also contains MgF 6 octahedra, which have an arrangement similar to the slightly tilted ones present in the ideal rutile structure. The partial PDFs, F-F (Fig. 10c, blue) , Mg-F (Fig. 10c, purple) and Mg-Mg (Fig. 10c, green) , obtained from the perfect CaCl 2 -type structure confirm these geometric configurations. The Mg-Mg partial PDF shows the first Mg-Mg peak at 2.97 Å and the second at 3.68 Å . These two Mg-Mg peaks have exactly the same positions as those in the experiment at 123 K (Fig. 8b (a) Structure factors for the experiment measured at 463 K (black) and a perfect rutile-type structure (red). (b) Experimental structure factors measured at 463 K (black) and for a perfect CaCl 2 -type structure (red). (c) Experimental PDFs measured at 463 K (black) and for a perfect CaCl 2 -type structure (red line), as well as the element-specific partial PDFs (bottom three curves), F-F (blue), Mg-F (purple) and Mg-Mg (green), calculated from the perfect CaCl 2 -type structure. and 3.60 Å , which differ from the first and second Mg-Mg peaks in the experiment at 123 K by more than the error bars. This reveals that the specimen deposited at 123 K has locally the same Mg-Mg distribution behaviour as the CaCl 2 -type structure.
Discussion
The phase transformation from the amorphous phase through the polycrystalline CaCl 2 -type phase to the rutile-type phase is observed in the experiment. This phase transformation is not reversible when the temperature is reduced. The CaCl 2 -type structure is attributed to a metastable phase, while the rutiletype phase is thermodynamically stable.
The very good match between the PDFs obtained from the experimental data and the MD simulation, in both the crystalline rutile-type phase and the amorphous phase, shows that our PDF data are reliable. It also confirms the applicability of the applied pair potential to the amorphous and crystalline phases.
The specimen deposited at 123 K contains the same Mg-Mg geometric local structure as the metastable CaCl 2 -type phase. This indicates that, during the atom-deposition process, the deposited clusters have already rearranged their positions locally to reduce the free energy, i.e. the as-deposited state is not the ideally random distribution of the gas-phase clusters. Obviously the deposit reaches a local minimum in the (free) energy landscape, the free energy of which is in between the ideally amorphous phase and the CaCl 2 -type phase. Some of the octahedra align, forming CaCl 2 -type nuclei as shown in Fig. 9 (a) (red polyhedra). Differences between the simulated and experimental PDFs are probably due to the difference in temperature (50 versus 123 K) and the difference in time (nanoseconds versus hours). In the MD simulation, gas-phase clusters are deposited at random locations on the substrate, and because of the low temperature not enough local rearrangements can take place inside this amorphous phase during the limited simulation time.
The locally CaCl 2 -type Mg atom arrangement in the experimental amorphous specimen plays the role of crystallization nuclei to guide the crystallization process toward the CaCl 2 -type phase when the specimen is annealed to 458 K. The direct evolution of the structure to the crystalline rutiletype structure, which constitutes the global minimum of the (free) energy landscape in the MgF 2 system, is thus suppressed. The high density of the CaCl 2 -type nuclei leads to small grain sizes (5-10 nm), even at an annealing temperature of 463 K. At this temperature, the structure of the intergranular regions, which occupy a large volume fraction of the specimen, is still essentially disordered, namely amorphouslike grain boundaries. We note that previous theoretical calculations (Wevers et al., 1998) and our ab initio structure relaxation show that the perfect (defect-free) bulk CaCl 2 -type structure is not separated from the rutile-type structure by an energy barrier. Therefore, crystallization from the amorphous phase should lead directly to the energetically stable rutiletype phase. However, the experimental data suggest the presence of a barrier between the CaCl 2 -type and rutile-type phases. Haines et al. (2001) reported an experimental observation of a second-order phase transformation of MgF 2 from the rutile-type structure to the CaCl 2 -type structure at high ambient pressure (9.1 GPa). This indicates that strain can stabilize the CaCl 2 -type structure. We suggest that in our samples this structure is stabilized by the presence of intergranular strain between the nanocrystals, caused by the disordered intergranular regions. This strain generates a barrier on the energy landscape which stabilizes the CaCl 2type structure. To confirm this statement, we also performed an ab initio calculation where a 2 Â 2 Â 2 supercell of the CaCl 2 -type modification [structure data taken from experiment (Bach et al., 2011) ] was relaxed on an ab initio level while keeping the cell parameters of the supercell fixed. This boundary condition mimics the application of an external strain to a nanoscale crystal. Even though the Mg and F atoms were free to move within the supercell, no distortion towards a rutile-like atom arrangement occurred. In contrast, if the cell parameters were allowed to vary during the relaxation, the structure transformed directly to the rutile-type modification. Thus, these calculations strongly support the hypothesis that CaCl 2 -type nanocrystals are stabilized by intergranular strains.
Because of the metastability of the CaCl 2 -type phase, the structure factor and PDF measured at 463 K show a mixed structural configuration between long-range CaCl 2 -type periodicity and short-range distortion towards the rutile-type structure. The first crystallization to the CaCl 2 -type structure happened very quickly (within a few seconds) when the temperature reached about 458 K. The specimen was kept at 463 K for around 18 h and diffraction patterns were acquired at different times to monitor whether the structure changed during heating. No discernible structure change was found from the time-resolved diffraction patterns. Moreover, we tried to fit perfect rutile-type and perfect CaCl 2 -type structure factors to the structure factor measured at 463 K with different composition ratios, but no better match could be obtained in either the low-or high-angle regions. Therefore, we believe that the phase observed at 463 K is not simply a mixture of CaCl 2 -type and rutile-type phases, but a single phase with a structure possessing properties of both the CaCl 2 -type and the rutile-type phases.
At annealing temperatures above 653 K, the crystal size grows, the volume of the intergranular regions decreases and thus the intragranular strain is reduced. The long-range order of the CaCl 2 -type crystalline grains finally transforms to that of the rutile type.
We summarize the structure evolution using a schematic of the energy landscape of the MgF 2 system as follows ( Fig. 11) :
(i) An amorphous MgF 2 film is formed by the lowtemperature atom-beam deposition technique at 123 K. The deposited MgF 2 clusters undergo movements to reach configurations corresponding to a local minimum in the energy landscape. The rearranged structure contains CaCl 2type nuclei. Because of the low temperature, no long-range motion of the atoms is possible and the rearranged structure does not show long-range order.
research papers (ii) When the temperature reaches 458 K, the random motion of the Mg and F atoms is sufficiently increased in the amorphous phase to allow ordering to take place. Owing to the high density of the CaCl 2 -type nuclei, structure development towards the rutile-type phase is suppressed. Instead, a thermodynamically metastable phase with CaCl 2 -type structure develops, with nanometre-sized grains and disordered grain boundaries. This phase constitutes a local minimum in the energy landscape with lower (free) energy than the experimentally observed amorphous phase. The new metastable phase contains structural features of both the CaCl 2type structure (at long range) and the rutile-type structure (at short range).
(iii) At temperatures above 653 K, the Mg and F atoms gain enough thermal activation to overcome the (free) energy barrier between the nanocrystalline CaCl 2 -type phase and the nanocrystalline rutile-type phase. Hence, the structural configuration finally reaches the global minimum on the energy landscape, namely the thermodynamically stable rutile-type phase. However, disorder at grain boundaries still exists in this final state, implying that a high energy barrier exists between the polycrystalline arrangement of nano-sized rutile-type crystals and the perfect single-crystalline rutile-type phase.
Conclusions
By a combination of electron diffraction, a modified PDF analysis and MD simulations, the short-range order of the amorphous phase and the distorted crystalline phase of MgF 2 were analysed. Raw simulation data were used, without any structure refinement aimed at an optimization of the two data sets. The excellent correspondence of the experimental and MD data is strong evidence for the reliability of the PDFs from electron diffraction and the high quality of the interatomic potentials used, and gives us high confidence in our data analysis.
By this study, we have successfully answered open questions from previous studies: the short-range structure of the amorphous phase was detected and the previous assumption of the existence of CaCl 2 -type nuclei in the amorphous phase was confirmed. We have shown that the observed CaCl 2 -type phase contains structural features of both the metastable CaCl 2 type in the long range and the rutile type in the short range. Disordered intergranular regions were found, which probably stabilize the CaCl 2 -type phase.
As an extension of the present work we are currently exploring the phase behaviour of other metal fluorides, such as other alkaline earth fluorides, in order to clarify the influence of, for example, the cationic radii and the addition of a second cation, such as in (Ca,Ba)F 2 .
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Figure 11
Sketch of the structure evolution on the explored energy landscape of the MgF 2 system. Green contours delineate minimum regions representing metastable structures, whereas red contours delineate mountain regions representing thermodynamically forbidden structures. Black dotted boxes correspond to experimentally observed phases. Blue dashed lines illuminate the directions of the random walks of system configurations at the experimental annealing temperature, while red dashed lines demonstrate two forbidden paths for the experimental annealing strategy.
